INTRODUCTION:
Learning impairments are often seen in children born with low birth weight (LBW). a model with translational value for long-term effects of LBW in humans is needed to further our understanding of how LBW and cognition are related. The similarities between development stages in human infants and piglets, and the high prevalence of LBW piglets make them a naturally occurring potential model in which to study cognitive impairment associated with LBW in humans. RESULTS: although both groups learned the configurations and rapidly reduced the number of incorrect visits, the LBW piglets showed a transiently retarded acquisition of the first reversal.
DISCUSSION:
The results of the experiment support the hypothesis that LBW is related to (mild) subsequent cognitive impairments. In the future, piglets may be suitable models for testing the effects of putative therapeutics.
METHODS:
To examine this potential model, we tested pairs of LBW and NBW (normal-birth-weight) piglets in a spatial holeboard (a matrix with 4 × 4 holes in the floor) task during one acquisition and two reversal phases in their own individual configurations of rewarded holes.
I
n humans, being born with a low birth weight (LBW) after being carried to term (small for gestational age (SGA)) is a phenomenon with a fairly high prevalence that has been extensively studied. LBW occurs in the United States in 8% (2002) (2003) of all neonates despite advanced prenatal care. (1) . In some developing countries 16-50% of term infants are SGA, and the poor home environment in many of the countries adds to the risk of suboptimal development in these children (2) . Various studies in humans have shown that being born underweight is a risk factor for cognitive deficits (3) (4) (5) (6) (7) (8) , learning problems (4, 9) , spatial orientation difficulties (10) , attention problems (9), depression (11) , reduced brain volume (8) , and reduced academic achievement and professional attainment (12) later in life.
In commercial pig rearing, selection for high fecundity in the sows and consequent increases in litter size have resulted in more piglets being born with LBW in each litter (13) (14) (15) . LBW is associated with a higher risk of pre-and postnatal mortality and preweaning deaths (14, 16, 17) . However, a considerable number of vulnerable underweight piglets survive the critical period after birth.
Growth retardation in the pig fetus is suggested to be an adaptive response to poor perfusion to maintain pregnancy (18) . The meat production consequences of being born underweight have been studied extensively (15, 16, 19) . However, nothing is known about the effects of being born underweight on the cognitive capacities of these piglets if they survive. Being born with LBW may have implications for animal welfare if, for example, the ability to adapt to the housing and management conditions is impaired because of insufficient ability to control the environment and reduced adaptive capacities (20) .
LBW piglets, like undersized human neonates, show characteristics of immaturity/dismaturity. They are likely to develop postnatal complications (21) . We hypothesized that the underweight piglet may be a useful biomedical model for studying implications of LBW in humans, and for assessing, in future research, the effects of putative therapeutic interventions that ameliorate the adverse consequences of SGA.
It has been reported that the hippocampus is a significant predictor of cognitive functioning in human adolescents who were born SGA (8) . The cognitive hole-board task is a hippocampusdependent task (22) . Therefore, we tested the hypothesis that birth weight influences cognitive performance of pigs. We did this by using a hole-board task that is suited for assessing spatial learning and memory in pigs (23) and enables the measurement of several behavioral domains (24) .
Results

Spatial Memory
Birth weight did not affect the average WM performance (between-subjects effects, all F 1,16 ≤ 0.56, nonsignificant; Table 1 and Figure 1a ). Both groups of piglets improved their WM performance during the three phases of the experiment. Birth weight had an effect on the time required to acquire the WM component of spatial memory during the second pattern of reward holes, i.e., during the first reversal of the experiment (birth-weight × trial block interaction, F 8,128 = 2.59, P < 0.0117). During the first few trial blocks of the first reversal, the WM performance of the NBW piglets was better than those of the LBW piglets; the latter group reached the same performance level as their normal weight counterparts Articles Gieling et al.
only in the fourth block of the first reversal. This suggests that LBW slightly retarded the improvement in WM during this phase of the experiment. Acquisition of the second reversal was not affected by birth weight ( Table 1) .
The average RM performance in the three phases of the experiment was unaffected by birth weight. Both groups of piglets acquired the different configurations efficiently. The speed of learning was similar in the two groups (Table 1 and Figure 1a ).
Duration Measures
There were no differences between the two groups of piglets as regards trial duration, averaged over all trials. The trial duration decreased across all blocks within the three phases in a similar manner in the LBW and NBW piglet groups (Table 1 and Figure 1b) .
A similar picture as for trial duration emerged for the IVIs. Birth weight had no effect on this measure ( Table 1 and Figure 1b) .
The latency until the first hole was visited, irrespective of whether it belonged to the rewarded set or not, did not change across the blocks of phases I, II, and III, nor did it differ between the two groups of piglets (Table 1 and Figure 1) .
The average latency until the piglet gained its first reward was unaffected by birth weight. However, the latency until the first rewarded visit decreased across blocks (Table 1 and Figure 1c) . The decrease was affected by birth weight during the first reversal (birth weight × trial block interaction, F 8,128 = 2.82, P < 0.0065). LBW animals initially showed a relatively high mean latency as compared to NBW animals (LBW: 42.74 s vs. NBW: 17.43 s for the first trial block of the first reversal), but this difference disappeared after the second trial block. Although inspection of Figure 1c suggests that a similar effect occurred at the beginning of the acquisition, and after switching the animals to the second reversal, this impression was not confirmed statistically.
DIsCussIoN
Animals in the LBW group showed transiently retarded acquisition of the first reversed configuration of reward holes. Acquisition of the WM component of spatial memory in the first reversal was slightly retarded for about 12 trials (three blocks) in LBW animals as compared to their NBW siblings, but this difference disappeared with training. In addition, in the LBW group, the latency to finding the first reward was substantially higher in the first trial block after switching to the first reversal.
Our experiment also corroborates previous findings (23) that piglets are able to acquire the cognitive hole-board task. LBW did not affect the acquisition of the first task.
LBW Piglets: An Animal Model of SGA in Humans?
In our study, specific but mild WM deficits were detected in LBW animals whereas RM seemed to be unaffected. Tasks 
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Piglets' performance in a hole-board task that would be useful for studying WM are not often applied to SGA human infants, because of the lack of developmentally sensitive clinical measures (25) ; however, the few studies that have been performed do show a relationship between LBW and WM performance. It was found that 6-year-old children born with LBW show nonverbal WM deficits, and also planning and cognitive flexibility deficits (26) . In another study, WM deficits were found in 5½-year old children born with LBW, but these children had all been born preterm (27) . The findings in our experiment suggest that the piglets in our experiment can indeed serve as a model for human SGA infants, and the cognitive pig hole board seems to be a task sensitive enough to detect these mild deficits. Furthermore, the finding that WM deficits occurred whereas RM was spared emphasizes that these two parameters of spatial memory are independent of each other, as has been shown by others (28, 29) . The LBW piglets showed mild, transient deficits when faced with the reversal task. Although these deficits were mild, it is important to consider that we found these differences between groups of piglets that consisted of animal pairs with relatively small birth-weight differences. In pigs, no standard for "underweight" or SGA animals has been defined. This makes it difficult to determine the minimal difference between an NBW or "appropriate for gestational age" animal and an SGA animal. Several standards are in use to define SGA in human neonates. For example ≥2 SD below the mean weight for the nursery of the hospital where the children were born (29, 30) , or according to the Finnish birth-weight charts (30) . Others prefer to define as SGA all term infants weighing less than (or equal to) the sexspecific 10th percentile for gestational age at birth (31) ; this would include all term born children weighing between 1,500 and 2,499 g (32) or 2,500 g (2) at birth. Given these variations in the definition of SGA in humans, it is possible that more stringent criteria for definitions of LBW and NBW in piglets are needed. In our experiment, an LBW piglet was defined as one weighing at least 1 SD below the litter average. On the third day after birth, the average weight difference between pairs of siblings was 549 g (SD 272 g, minimal difference within pairs 300 g, maximal difference 980 g) with absolute weights varying between 960 and 2,525 g. In the future, this type of research would require testing pairs of siblings with larger birth-weight differences, in accordance with the stricter definition in human research.
All of the piglets had been delivered naturally without complications. However, the possibility that hypoxic-ischemic episodes may have occurred during delivery could not be entirely excluded. We did not observe motor or other deficits in any of the animals, and therefore, the possibility of hypoxia is expected to be limited. In future studies it would be advantageous to control the delivery process to prevent hypoxia, so as to avoid any interference from extraneous factors other than those related to SGA and growth retardation.
Motivation and Response Flexibility
Hand in hand with the difficulty in reversal learning comes an increased latency to finding the first rewarded bowl. Indeed, LBW animals did need more time as compared to their NBW siblings in the first trials after switching to the new reward pattern. Although LBW animals showed a retarded acquisition of the first reversal, they completed a trial in the same time period as their NBW siblings (trial duration). As with trial duration, no differences were found in IVI, indicating that LBW and NBW animals are equally motivated and physically able to perform the cognitive hole-board task. Articles Gieling et al.
The initial latency until an animal found its first reward differed between LBW and NBW animals during the initial stage of acquiring the first reversal. As the latency to reach the first bowl in general (rewarded or unrewarded) did not differ between groups, we hypothesize that the LBW animals showed reduced response flexibility or behavioral inhibition when confronted with an unexpected change in the test environment, which would have become noticeable when the first expected reward was not found. This hypothesis is in line with the finding that growth-retarded children with LBW appear to be less adaptive to changing test conditions. These children also showed difficulties in producing correct strategy solutions (10) . Therefore future studies should include measurements for "flexibility to change" and "strategy-related differences. " The cognitive pig hole board is a suitable apparatus for collecting such measures.
Modifications of the Hole-Board Apparatus and Procedure
Compared with the setup used by others (23) our hole-board apparatus and training procedure had some modifications. We provided the hole-board apparatus with four entries instead of one, thereby reducing the likelihood that the task is solved in a nonspatial manner (33) . Randomizing entry positions across trials did not seem to influence learning speed. On average, the WM and RM scores reported in a previous pig hole-board study (23) were reached in our study in ~25 trials, thereby indicating that the cognitive pig hole board yields stable and repeatable results.
MetHoDs
Animals
Pigs ((Terra × Finnish landrace) × Duroc) were bred at the farm at Utrecht University under conventional Dutch commercial pig housing conditions. Nine pairs of female piglets were selected (each pair from a different litter), based on the body mass measured on day 3 after birth (= day 0). Male piglets were not selected, because they were routinely castrated.
Each pair consisted of one LBW piglet and one NBW piglet. Based on the average weight and SD of a litter of piglets, all those with a body mass at least 1 SD below the litter average were defined as LBW. Of these, the female piglet with the lowest body weight was selected. Next, the average weight of the litter was recalculated excluding all LBW piglets, and the female with a weight closest to this newly defined litter average was selected as the NBW piglet.
Housing
The piglets were mixed and moved to the experimental unit 2 days after weaning, at 4 weeks of age. Litter pairs were randomly assigned to one of two adjacent, enriched pens, each measuring 4 × 5 m, in a naturally ventilated stable. Consequently, one pen housed four pairs of piglets, and the other housed five pairs. Minimal and maximal temperatures in the stable were registered daily, and ranged between 3 °C and 31 °C.
Each pen contained a covered piglet nest, and straw bedding covered the concrete floor. The ambient temperature and humidity conditions inside the nest fell within the piglets' thermoneutral zone. Food and water were provided ad libitum to all animals until week 10 of the experiment. To see whether motivational differences were associated with changes in feeding schedules, we introduced the following feeding schedule during the final 4 weeks of the experiment: 10 of the animals (which were housed together) were fed ⅓ of the daily food amount ~1 h before the start of behavioral testing (~8 am) and the remaining ⅔ of the daily food was fed after testing, at ~4 pm; the other eight animals were fed ad libitum. The building had natural lighting and a radio played between 7 am and 7 pm.
Testing Room
The testing room was located adjacent to the housing room, and the animals could access it through a corridor leading to a (straw-enriched) waiting area. The testing apparatus contained an abundance of extramaze cues. All animals housed together in a pen were let out through the corridor to the waiting area at the same time, and were tested individually in the order in which they arrived at the door into the waiting area. During testing a radio was played continuously to minimize the effects of sudden background noises. Individual pigs entering the testing apparatus were still able to hear and smell their pen mates.
The apparatus, manufactured by Ossendrijver BV (Achterveld, The Netherlands), was a cognitive pig hole board (Figure 2a) consisting of a square arena with a 4 × 4 matrix of food bowls. The blue synthetic floor was slatted and the grey synthetic walls (height: 80 cm) had a steel bar across the top. The arena could be entered through any one of the guillotine doors positioned at each of the four side walls, operated from the outside. The entry door for each animal was determined individually by permutations of the numbers 1-4. By voluntarily walking down a small corridor that surrounded the arena, the animals would find an open door and enter the hole-board. The apparatus (arena and corridor) was of the testing area elevated above the floor.
To prevent the animals from locating rewards on the basis of smell, the food rewards (fresh M&M milk chocolates replaced daily) were placed under the false bottom of the food bowls. To prevent the animals from locating the rewards visually, each bowl was covered with a synthetic red ball (JollyBall Dog Toy, diameter: 24 cm, weight: 400 g). The animal would have to lift this ball with its snout, and the reward 
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Piglets' performance in a hole-board task would then be available for consumption. The design of the apparatus was such that the ball would fall back into place and cover the bowl once the animal retracted its head. Whenever an animal soiled the apparatus during a trial, the area was cleaned with water before the trial of the next animal. The entire apparatus was rinsed with water daily.
The experiment lasted for a total of 14 weeks. After weaning at 4 weeks of age, the animals were allowed to become habituated to their pen mates and to the new environment in the experimental unit. The animals were gradually exposed to their handlers, the testing room, and the apparatus (two daily sessions, 40 min/pen). Before formal training started, the animals were trained to lift the balls to find rewards and habituated to being alone in the testing apparatus. The group size in the apparatus was therefore gradually decreased (from 8-10 animals to 1 animal) during the 5-week habituation period. After successful habituation, when the animals were 9 weeks of age, formal training started, consisting of three phases (acquisition, first reversal, and second reversal). The animals underwent one trial in the morning and another in the afternoon (spaced trials).
Each of the 9-week old animals was assigned its own configuration of reward holes (4 of 16). Four different configurations were used (Figure 2b) . Each piglet was trained on its particular configuration for 26 spaced trials (13 week days). The entrance door was randomly chosen for each trial. After 26 trials, asymptotic working memory (WM) performance was achieved, and training moved to the next phase.
The first reversal consisted of 38 spaced trials (19 week days). Each individual animal was assigned a changed configuration of rewarded bowls (e.g., a change from A to B-D, Figure 2b) . At this stage, we also wished to investigate the effects of food restriction on task performance. For this purpose, after 13 days (26 trials) of first reversal training, the feeding schedule of the animals in one of the pens was changed to two feedings a day (see Housing section).
The second reversal was performed for 8 week days. In this phase, each of the pigs received 16 spaced training trials on a new pattern of reward holes (e.g., a change from A to E-H, Figure 2b) . After 10 trials, apple pieces were substituted in place of chocolates for all animals, to look for possible reward-related motivational differences.
Because multiple performance measures were registered, no specific criterion of learning was employed. When WM and RM levels of performance became comparable to those reported by others (23), we introduced a reversed configuration.
The number of rewarded (correct) and unrewarded (error) visits, the number of revisits to previously rewarded bowls (errors), the latency (time elapsed) between the first (general) visit and rewarded visit, and the total trial duration were recorded in real time using ANYmaze software (Stoelting, Dublin, Ireland). A visit was scored when a pig lifted a ball with its snout and an opening between the bowl and the ball became visible. A visit to a previously visited rewarded bowl was scored as a revisit only if at least one other bowl was visited in between. Scoring started when a pig entered the arena with both forelegs. A trial was terminated when a piglet had found and consumed all four food rewards or when 600 s had elapsed, whichever event occurred earlier.
The measures "WM, " "RM, " "trial duration, " "IVIs", and "latency to first (rewarded) hole visit" were calculated and analyzed statistically. Shapiro-Wilk tests for normality of small samples were performed per group for all parameters. This analysis revealed that 65% of all measures were distributed normally. In view of this finding, and because ANOVAs are robust with respect to deviations from normal distribution, we decided to perform all statistical analyses on the untransformed measures.
WM ratio, a measure expressing the percentage of all visits to the set of holes that yielded a food reward, was calculated as (number of rewarded visits)/(number of visits and revisits to the reward set of holes) (23) .
RM ratio, a measure expressing the number of visits to the reward set of holes as a percentage of the total number of visits to all the holes, was calculated as (number of visits and revisits to the reward set of holes)/(number of visits and revisits to all holes) (23) .
Trial duration was the time elapsed between entering the hole-board and finding the last reward. If the piglet did not find all of the rewards, this measure was assigned the maximum value (600 s).
IVI, the time per hole visit, was the average time elapsed between two successive hole visits. This measure was calculated as (time elapsed between the first and the last hole visit)/(the number of hole visits -1).
Latency of first hole visit (the time elapsed up to the first hole visit) was the duration between entering the hole board and the first contact with a hole, irrespective of whether it belonged to the reward or noreward set.
Latency to gaining first reward was the time (s) between entering the hole board and finding the first food reward.
For each of these measures block mean values of four trials each were calculated (with the exception of the first block mean value, which was the average of six trial values).
First, we analyzed whether the procedural adjustments during the course of the hole-board experiment-the change in feeding schedule starting during the first reversal and the reward change during the second reversal-affected hole-board behavior. For this purpose, ANOVAs were performed, with the within-subject (repeatedmeasures) factor being trial block and the between-subjects factors being birth weight (LBW vs. NBW), feeding schedule (ad libitum vs. twice daily), and type of reward (M&M chocolates vs. pieces of apple). Because these procedural modifications did not differentially affect performance, we excluded these factors from further analyses, and assessed the effects of LBW per phase of the study using a repeatedmeasures ANOVA with the within-subjects factor being trial block and the between-subjects factor being birth weight supplemented with ANOVAs per trial block.
Conclusion
Using a cognitive hole-board task, we found some evidence to suggest that piglets born with LBW have more difficulty in switching from one learned configuration to a new one as compared to their NBW siblings. Further research is required to clarify to what extent LBW influences cognitive performance in pigs. The holeboard task proved to be suitable for testing spatial discrimination learning in pigs. However, further validation of hole-board tasks in pigs is needed to determine the level of difficulty and sensitivity necessary to reveal small differences between groups. By fine-tuning the definition for LBW/SGA in piglets, and by adding additional behavioral, physiological, and brain measures to these types of studies, this promising model for long-term cognitive effects of LBW in humans can be refined and extended.
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